Abstract-We report a simple method to obtain a p-i-n photodiode's harmonic distortion levels at different frequencies from the microwave reflection coefficient S 11 of the photodiode under dc illumination. This approach is based upon the tracking of the photodiode's microwave impedance with S11 at different incident optical powers before severe saturation occurs at low bias or at high optical power. The second-harmonic distortions measured from a waveguide photodiode agree closely with those predicted from the S11 data.
I. INTRODUCTION

I
N ANALOG fiber-optic links, a p-i-n photodiode is commonly used at the receiver. The linearity of the photodiode is critical in the consideration of the overall link performance. In previous studies, nonlinear distortions of the p-i-n photodiode have been attributed mainly to the nonlinear transport induced by the space charge [1] - [3] . One-dimensional (1-D) numerical models that solve the Poisson equation and the carrier continuity equations under various operating conditions were developed to describe the nonlinear transport inside the device [2] , [3] .
Conventionally, the harmonic levels of the photodiode are measured by subjecting the photodiodes to heterodyned lasers with wavelength slightly offset to generate a RF tone. Alternatively, beat signals are generated at the photodiode using three separate optical beams RF-modulated at frequencies and , respectively: the second-order intermodulation distortion signal at , and the third-order intermodulation distortion at are measured [4] . In this work, we present and demonstrate a simple method to determine the p-i-n photodiode's harmonic distortion levels at different frequencies from the photodiode's microwave impedance variation at different optical powers. The microwave impedance is extracted from photodiode's microwave reflection coefficient ( ). This method can predict the harmonic distortion levels at various incident optical powers before severe saturation occurs as a result of low bias or high optical power. We have experimentally tested this approach by comparing the measured second-harmonic signal of a waveguide photodiode with that predicted by an equivalent circuit model and parameters extracted from data.
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II. THEORY
An equivalent circuit of the p-i-n photodiode is shown in Fig. 1 where represents the photocurrent at inside the reverse-biased intrinsic region, is the junction capacitance, is the diode shunt junction resistance, is the parasitic capacitance, is the series resistance due to the contacts and the p and n regions of the diode, and is the load resistor. For this circuit, the output current can be expressed as , where is the transfer function of the circuit [5] . The form of suggests that the harmonic distortion can manifest in or , or both. The physical origin of the nonlinearity in and are attributed to the nonlinear carrier transport and the associated impedance changes induced by the optical input signal.
Previous work [1] - [3] on harmonic distortion of photodiode emphasized the analysis of nonlinear carrier transport, especially when the diode is under high power illumination. When the density of photogenerated electrons and holes reaches a level high enough to partially screen the biasing electric field which in turn gives rise to a nonuniform carrier velocity profile, the photodiode is already in severe saturation with high nonlinear distortion levels. However, the distortion can also rise in response to a change in the photodiode impedance even at a relatively low optical power.
Viallet et al. reported the increase of junction capacitance of a planar p-i-n photodiode under optical illumination [6] . As can be seen from our work, a similar increase is observed in the waveguide p-i-n photodiode. The increase in can be explained by an increase in the electric polarization due to an increase in photogenerated electron-hole pairs, whose density depends on the net electric field and optical illumination level. In general, both and change with optical illumination. For simplicity, we consider first the effect of and assume it increases linearly with photocurrent: (1) where is the dark capacitance of the junction, is the dc photocurrent, and is defined as the differential 1041-1135/98$10.00 © 1998 IEEE capacitance with respect to the photocurrent. In the equivalent circuit of Fig. 1 , the equation for the voltage across the current source (from which we obtain the voltage across the load) is (2) where and are the junction capacitance and resistance at a given , and is the equivalent impedance of , , and given by (3) can be expressed in a harmonic series of , where , , and so on can be obtained from
The above analysis suggests certain relationships between the photodiode's harmonic levels and the microwave impedance. For instance, a relatively large change in can enhance harmonic levels, while the fundamental power remains largely unchanged. This analysis shows that harmonic powers are subject to a similar RC frequency rolloff as the fundamental signal. At frequencies well below the rolloff, harmonic powers are proportional to provided that the variation of dominates, which agrees qualitatively with experimental observation [1] . The above assumes that the photodiode is not in severe saturation and that increases gradually from its dark value. Under low illumination does not decrease substantially from the dark resistance, and the second-harmonic distortion level is not much affected by changes in , as is usually much larger than . To describe higher order distortions and the high optical power situation where carrier screening can be important, we have to include effects of a changing in the analysis.
III. PHOTODIODE IMPEDANCE AND HARMONIC MEASUREMENTS
We measure the of an InGaAs-InP photodiode and use the equivalent circuit of Fig. 1 to analyze the impedance. They are obtained as a function of the optical input level and the bias voltage. For the measurement, a one-port microwave calibration of the vector network analyzer (HP 8703), along with the microwave cable and microwave probe (Picoprobe, 40A-GSG-200-DP) is performed using a standard impedance substrate (Cascade LRM ISS GSG). A waveguide p-i-n photodetector integrated with a CPW microwave transmission line is used in this experiment [7] . The particular device used has a small signal 3-dBe bandwidth of 20 GHz and a responsivity of 0.35 A/W. In the optical set-up, a polarization insensitive, variable optical attenuator and a fiber coupler with a 10 : 1 splitting ratio are inserted in the fiber link between a CW Nd : YAG laser ( 1.319 m) and the photodiode for adjusting the input power. The smaller output power port of the coupler is connected to an optical power meter. In the measurement the input RF is at 10 dBm and is ranged from 200 MHz to 20 GHz in frequency, the photodiode is reverse-biased at 3 and 5 V.
We also evaluate nonlinear distortion levels of the same photodiode. We measure simultaneously the RF fundamental and the second-harmonic signals in the 0-1.5-mA photocurrent range at various frequencies, and under different biases, using two temperature-tuned 1.319-m Nd : YAG lasers to provide a RF tone in a heterodyne configuration. In the setup, the output of one of the lasers is coupled via a polarization controller to a 3-dB coupler along with the other laser output. One output of the coupler feeds to another photodetector whose output is used as the feedback reference signal to the laser controller to stabilize the frequency separation of the lasers. The other output of the coupler feeds via a variable attenuator to the device under test. The setup provides a maximum optical power of 3 mW (limited by the lasers) with a RF tone at 100% modulation depth in the 0.1-1-GHz frequency range. The polarization controller ensures the same polarization of the lasers as the frequency is varied. Measurements are done at different photocurrent levels with 260-, 400-, 500-, 600-, 700-MHz frequency separations between the lasers and at reverse-biases of 3 and 5 V. Fig. 2 shows measured of the photodiode at 5-V bias and at 0 and 3-mA photocurrent. , , , and values are obtained from best curve fitting to 's. and are 110 and 0.07 pF, respectively, in all cases. Table I shows some of the 's and 's obtained. It is seen that increases and decreases with photocurrent. At 5 V, the of the photodiode remains at 12 k up to 3 mA of photocurrent. Since , its small variation has little effect on the second-harmonic level. At low photocurrent, the is 0.8 fF/mA. With these we calculate the fundamental signal and second-harmonic distortion at 5-V and 1-mA photocurrent at unity modulation index, based on (3)-(5). The resulting fundamental and second-harmonic distortion signals for frequencies ranging from 0.1 to 1 GHz are depicted in Fig. 3 . We also show the results for predicted third-harmonic distortion based upon changes in both and . In the same graph, we also show the fundamental and second-harmonic distortion results using heterodyned lasers at the same modulation index ( 1) . A close agreement between calculation and measurement is obtained at 5 V.
IV. RESULTS AND DISCUSSIONS
At a given photocurrent level, a lower bias results in a smaller applied electric field and less effective sweeping of the carriers out of the intrinsic region. This, together with a larger photogenerated carrier density, can lower the junction resistance. Thus as the photocurrent increases, is more reduced when biased at 3 V than at 5 V. Fig. 4 depicts the predicted fundamental and second-harmonic distortions of the photodiode biased at 3 and 5 V at different photocurrent and at 260 MHz operating frequency, based upon changes of and . However, a closer agreement between calculation and measurement is obtained at 5 V. The frequency dependence of the distortions reflects mainly the assumed coupling between the photocurrent and the change in capacitance (and junction resistance).
For analog link applications, the two-tone intermodulation distortions of the link are of much importance. The output referenced second order intermod intercept ( ) is 6 dB lower than the second order harmonic intercept (more exactly, dBm dBm dBm dB, where and are the fundamental and second-harmonic power, respectively). The predicted curves and the extracted from measured data are included in Figs. 3 and 4 .
The above analysis can be useful for examining various circuit elements' influence on harmonic levels. For instance, the photodiode used has a relatively high series resistance and the analysis indicates that a more than 9-dB reduction in the second-harmonic distortion can result if is reduced from 110 to 10 .
V. CONCLUSION
We have used an equivalent circuit model to calculate harmonic distortions of a p-i-n photodiode from the measured under dc optical illumination. The method can be used to predict the of the photodiode under various operation conditions. It may be useful for evaluating the photodiode before packaging.
